This is the first of a series of studies now in progress on the biochemical nature and energy relationships of developmental processes of Rana pipiens treated with solutions of materials thought to be essential growth substances. This treatment has the advantage of identifying effective agents without artifacts of graft or transplant experiments that may confuse inducing materials with products of cytolysis, and avoids the necessity of extrapolating from what "breis" or explants may do under experimental conditions to what the intact embryo does under relatively normal conditions.
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Frog embryos require little energy during cleavage, blastulation, and early gastrulation,1 after which energy demands are markedly increased. This period is marked biochemically by the synthesis of purines,2 ribonucleic acids,3 and new specific proteins,4 and these are presumably connected with ensuing morphological processes. The measurable respiratory rate of the gastrula increases, and there is a high local concentration of adenosine triphosphate (ATP) in areas of synthetic activity. 5 One method for synthesis of the nucleic acids and new proteins that precedes visible differentiation requires, besides the necessary raw materials and enzymes, high energy sources to build larger molecules. The first experiments, therefore, were to test whether or not the growing embryo could utilize ATP as an exogenous source of energy in furtherance of normal synthetic activities.
Methods.-Ten to twenty dejellied eggs per Stender dish in about 15 ml. of freshly made solutions were kept in an 18°C. constant-temperature bath. Solution volumes and number of eggs were constant within any one experiment. Dishes were taken out of the water bath for observation one at a time (in later experiments) and were never out of the bath for more than a few minutes. Selection of an apparently homogeneous starting population by eliminating any abnormal eggs and any that were ahead of or behind the average stage of development for the clutch resulted in 90-100 per cent of eggs within dishes maintaining the same rate of development throughout most of the experiments.
Estimations of growth rate were first made by arbitrary substaging of Shumway stages (as pictured in Rugh's manual), but in the last three experiments direct time measurements were made. Samples of experimentals were fixed in Bouin's solution, and the time taken for controls grown in 10 per cent Ringer's solution to reach the same degree of neural tube closure as the fixed experimentals was considered the measure of advanced growth rate of experimentals over controls. Schwartz (chromatographically pure) disodium salt of adenosine triphosphate (Na2. ATP 3H20) and Schwartz yeast adenylic acid (AMP-3) which have a pH of about 3.6 in 10 per cent Ringer's solution were brought to pH 5.6 with "Ringer's hydroxides," a mixture of Na, K, and Ca hydroxides with the same cation concentrations as Ringer's solution. Sigma adenosine diphosphate (ADP) having neutral pH in 10 per cent Ringer's solution was brought to pH 5.6 with 0.1 N HCL. Inorganic pyrophosphate (Na4P207. 10H20), H3PO4, Schwartz adenine and Schwartz adenosine were used in various experiments.
Results.-Eighteen separate experiments involving treatment of R. pipiens embryos with ATP in 10 per cent Ringer's solution at pH 5.6 for short time periods beginning during late blastula stages resulted in precocious formation of neural tubes that developed 2-3 days after removal of embryos from treatment solutions. Duration of treatments ranged from 12 to 24 hours, and, when the treatments were applied at stages 7 to late 9, the effects were consistent and specific for this one morphological process. When controls were at late neural fold stage (Shumway, late 14) with open anterior folds 0.6 mm. wide, the neural ridges in experimentals were completely fused and rotation was observed (Shumway, late 15). The average advance in growth rate at this period of development was estimated by substaging methods at about 4 hours for all eighteen experiments; in the last three experiments in which this time was actually recorded, one showed 33/4, another 4, and another 4'/2 hour's advance. This advanced development continued through the next neural tube stage (Shumway, 16), gradually diminished, and by tail bud stage (Shumway, 17) the treated embryos usually exhibited typical abnormalities of open blastopores, microcephaly, bloated bellies, and stunted bodies.
Growth effects, toxicity, and abnormalities were generally found in proportion to concentration of materials, length of treatment and developmental stage at which given. Treatment of blastulae at pH 5.6 with 0.008 M ATP was toxic in three experiments and was not used again; 0.004 M was toxic to some clutches, or there were many casualties within experimental dishes; 0.001 M sometimes showed less advance, and 0.0005 M showed little or no advance over controls. In general, 0.002 M gave the maximum advance in neural tube formation without early toxicity or later abnormalities and was used as the additional control in experiments testing effects of other materials where negative results were anticipated.
Other experiments, not included in the eighteen covered by this report, showed that continuous ATP treatment in similar concentrations never produced additional growth increase beyond that obtained by short-term treatment for the same clutch. The continuous treatment was more toxic, and the few survivors showed typical but exaggerated abnormalities in proportion to concentration. In another experiment, 0.0001 M ATP was effective with 8 hours of treatment applied right after first cleavage, although 0.002 and 0.004 M were toxic when applied this early. One experiment with R. sylvatica embryos showed that ATP, 0.002 M, pH 5.6, had the same effect in neural tube formation as with the R. pipiens embryos.
The exact limit of effective pH ranges of ATP was not determined, but those used in most of the experiments ranged from pH 5.5 to 5.8. At pH 3.6 both controls and experinxentals died. In one experiment ATP was effective at 0.001, 0.002, and 0.004 M at pH 5.6, but at pH 7.1 the two higher concentrations were toxic, and the 0.001 M had only slight positive effects, followed by extreme abnormalities.
Experiments showed that additional Na ion concentration (equivalent to the Na2 * ATP added), inorganic phosphate, inorganic pyrophosphate, -adenine, and adenosine in concentrations 0.001-0.008 A11 at pH 5.6 had no effect oil nleurulation.
Three separate experiments using adenosine diphosphate (ADP) at pH 5.6 resulted in the same rate of neural tube formation as with ATP treatment, and the embryos could tolerate twice the concentrations without cytolysis or abnormalities. Three experiments using yeast adenylic acid (AMP-3) in 0.001-0.004 11 concentrations resulted in the same rate of increase in neurulation, but after effects at tail bud stage varied between clutches. Results of one experiment with a single clutch of embryos treated for 20 hours beginning during late blastula and then returned to 10 per cent Ringer's solution (minus bicarbonate and phosphate) are given in Table 1 . Stages in the second column were simultaneous observations. "Hours advance" was time recorded at 18°C. for controls to reach the same stage of neural tube closure as a typical experimental fixed in Bouin's solution as a sample. Discussion.-The effects of the adenine mononucleotides, ATP, ADP, and AMP-3, were found to be generally proportional to concentration, were effective long after embryos were removed from treatment solutions, and were highly specific for one morphological process. It is assumed, therefore, that there was penetration of these materials that affected a specific metabolism of the embryos. While the effectiveness of materials applied was measured in terms of closure of the neural tube, such organized morphogenetic movements must result, in turn, from previous synthetic cellular activities and must be an integral part of the constructive pattern of development that constitutes "growth" during this period. Since these mononucleotides enhance a normal morphogenetic process, it is suggested that they can be utilized in the normal biochemical processes causing this directed morphology. The advanced neural tube formation resulting from treatment with all three mononucleotides indicates that it is the adenylic acid common to all of them that is the effective agent-adenine, adenosine, inorganic phosphate, and pyrophosphate having been experimentally eliminated from consideration when they had no effect on development under similar conditions. It may be that the effective materials found here are used as raw materials for synthesis of nucleic acids and new proteins in a manner similar to the role of the mononucleotides suggested by Brachet6 in neural plate formation. Essential enzymes for this synthesis, or the ability to induce them when presented with the proper substrate, are assumed to be present in the embryo, since they are needed for development under normal conditions. If other mononucleotides or combinations of them are found to have the same effect, this will lend support to Brachet's hypothesis.* In any case, this hypothesis can now be investigated further, since the specific metabolic pathway taken from the time the adenine mononucleotides are first introduced to their final effect in neural tube formation can be followed by isotope, bio-assay, or cytochemical methods.
If the adenylic acid is the effective part of these molecules, and not the highenergy pyrophosphate bond in ATP, as was first thought, these experiments indicate that both energy mechanisms and nucleic acids play a role in differentiation. In the experiment reported in Table 1 , 0.004 M ATP was highly toxic alone but was not toxic when mixed with equimolar AMP-3. It is possible that the equilibrium found in experiments, in vitro, 2ADP 2i ATP + AMP is here serving to maintain the energy equilibrium required for normal growth in the entire organism.
The observed pH dependence of the ATP reactions could be explained as being due to higher penetration of less ionized molecules (expected with ATP at the more acid pH), but this is not likely here, since toxicity of ATP at pH 7.1 indicates penetrance at this pH also. Experiments with other materials used in similar or higher concentrations that had no effect on development showed that additional salts in the medium were not by themselves toxic. It may be that there is active transport by, or activation of, enzymes that function at this lower pH, but there is no evidence on this point. This pH dependence may explain Brachet's results7 finding that ATP, AMP, and other nucleic acid derivatives were toxic for gastrula cells, "although the pH of the solution was carefully adjusted." It is possible that his solutions were adjusted to a more alkaline pH. It is also possible that there is a difference in behavior between the intact organisms used here and the explants used by Brachet.
Summary.-In twenty-four experiments R. pipiens blastulae treated with solutions of ATP, ADP, or AMP-3 (with specific conditions of pH and concentrations) for short periods of time resulted in precocious closure of neural tubes about 4 hours (18°C.) ahead of controls. In one experiment with R. sylvatica, using ATP, the results were identical. The effects of solution treatments appeared 2-3 days after embryos were returned to normal medium. Adenine, adenosine, inorganic phosphate, and pyrophosphate in similar experimental conditions had no effect on neurulation, nor had the effect of pH alone. A tentative hypothesis for the method of utilization of mononucleotides is presented.
* A recent experiment using separately cytidylic, uridylic, and guanylic acids at pH 5.6, 0.004M for 35 hours of treatment indicates that these other mononucleotides are also effective in accelerating neural tube formation.
Solution treatments that enhance a normal growth process offer a simple system for study of biochemical factors of morphogenesis in an intact organism under comparatively normal conditions. The mechanism by which the adenine mononucleotides, or other materials that may be found to favor a specific growth process, affect metabolism after penetration can be followed further by more refined techniques.
I wish to express thanks to Professor Lester G. Barth Studies of many aspects of the genetics and metabolism of animal cells are seriously handicapped by lack of a simple, effective technique for large-scale colony production from single cells. Thus it is not easily possible to develop a new population from the single-cell survivors isolated after the action of high-energy irradiation, virus invasion, or any of a variety of toxic drugs or nutritional stresses. This difficulty also makes almost impossible the preparation of mutant cell strains, a technique which has so enormously advanced studies of cell and virus genetics and biochemical transformations in microbial systems.1 In addition, it is not possible to determine what fraction of any animal cell population is able to initiate multiplication, and therefore it becomes difficult to evaluate the mechanism of action of agents which change growth rates.
Earle and his associates2 have studied quantitatively the minimum number of L-strain fibroblasts required in a given volume of medium in order to insure growth. Their careful investigations have emphasized the necessity for "conditioning" by the living cells of the nutrient media currently employed in tissue culture before multiplication can be supported. They were able to produce clones from a variety
